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Studies were conducted in the field and in containers in Mississippi from 2017-2019 to 
optimize Italian ryegrass control in corn production. Most fall-applied residual herbicides 
provided ≥ 90% Italian ryegrass control 56 days after treatment (DAT) in both field and 
container experiments. Oxyflurofen provided 95% Italian ryegrass control 28 DAT but only 81% 
control 56 DAT in field plots. S-metolachlor plus atrazine followed by paraquat produced the 
highest return on investment for both site-years. The timing of removal study indicates the 
optimum time to remove Italian ryegrass relative to corn planting is approximately three to four 
weeks prior to planting. In the droplet size study, Italian ryegrass control when S-metolachlor 
was sprayed with the TTI was lower than when S-metolachlor was sprayed with the AIXR in 
containers 28 DAT. Italian ryegrass control when paraquat was sprayed with the AIXR was 
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Italian ryegrass as a weed 
Controlling weed populations is a crucial aspect of row crop operations. Weeds cause 
economic losses or ecological damage, create health problems for humans or animals, and are 
undesirable where they grow (WSSA, 2016a). Studies found that corn yield was reduced by an 
average of 52% when weed control practices were not implemented (WSSA, 2016b). The 
inability to manage weeds will result in competition between the uncontrolled weeds and the 
present crop, whereas weeds compete with the crop for water, sunlight, and soil nutrients. In 
2018, 188,000 ha of corn (Zea mays L.) were harvested in Mississippi, and yield averaged 
11,612 kg ha-1 across the state (USDA, 2018). The total value of Mississippi corn production in 
2018 was $322,600,000 (USDA, 2018). It is projected that Mississippi will harvest around 
249,000 ha of corn in 2019, and yield is expected to average around 11,047 kg ha-1 statewide 
(USDA, 2019).    
Italian ryegrass [Lolium perenne ssp. multiflorum (Lam.) Husnot] is an annual or 
biennial, cool season bunchgrass (Davies, 1928; Bond et al., 2014). Germination occurs when 
adequate moisture is available, and plants grow vigorously throughout the winter and spring 
months (Bond et al., 2014). Italian ryegrass is popular in Mississippi pasture and hay systems 
because of its ease of establishment and adaptability to a variety of soil types (Lemus, 2017). The 
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use of Italian ryegrass in pastures has caused the species to spread into fields used for crop 
production (Peeper et al., 2000; Trusler et al., 2007).   
Established Italian ryegrass is extremely competitive with corn, as corn is the earliest 
planted crop in the spring (Nandula, 2014). Nandula (2014) observed a 49% decrease in corn 
yield with Italian ryegrass densities of four plants m-1 corn row. Italian ryegrass is also highly 
competitive with winter wheat (Triticum aestivum L.). Previous research found wheat yields can 
be reduced up to 50% with Italian ryegrass densities of 40 plants m2 (Stone et al., 1999; Cralle et 
al., 2003). 
Herbicide-resistant weeds 
Weed resistance to herbicides is typically developed following many years of using one 
herbicide or mode of action to control a specific weed (Beckie and Reboud, 2009) due to 
selection pressure that shifts populations over time (Vencill et al., 2012). Herbicide-resistant 
(HR) weeds must be managed using different modes of action and alternate application timings. 
Weeds that develop resistance either are generally less sensitive to the herbicide’s active 
ingredient or are able to metabolize the compounds at a higher rate than normal, resulting in 
decreased herbicide effectiveness (Tranel and Wright, 2002). 
 Ryan (1970) discovered the first major case of a HR weed in 1968, when simazine and 
atrazine no longer controlled a population of common groundsel (Senecio vulgaris L.) (Shaner, 
2014). Herbicide-resistant weeds exist in all major herbicide sites of action, but they are most 
prevalent in the ALS inhibitors (162 species), Photosystem II inhibitors (74 species), and 
ACCase inhibitors (48 species) (Heap, 2019).  
An additional herbicide site of action in which HR weeds frequently occur is the EPSP 
Synthase Inhibitor, which is acted upon by the active ingredient glyphosate. Glyphosate is a 
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nonselective foliar herbicide used extensively around the world to control a wide variety of 
weeds. Since the development of glyphosate-tolerant crops in the 1990s, glyphosate use has 
drastically increased, resulting in a large population of weeds worldwide that have developed 
resistance to the herbicide (Heap, 2014). Some of the most economically important HR weeds 
worldwide include rigid ryegrass (Lolium rigidum Gaudin), palmer amaranth (Amaranthus 
palmeri S. Watson), redroot pigweed (Amaranthus retroflexus L.), common waterhemp 
(Amaranthus rudis Sauer), and horseweed (Erigeron canadensis L.) (Heap, 2019). 
Residual herbicides 
When a weed population develops resistance to multiple herbicide sites of action, 
producers often rely on residual herbicides for control. Residual herbicides are used to provide 
weed control for an extended period after herbicide application and are generally applied 
preemergence (PRE) in the fall or spring, or postemergence (POST) in combination with a foliar 
herbicide. Residual herbicides provide long-term weed control by persisting in the soil and 
preventing weed seed germination and emergence (Van Acker, 2004). Scientists conduct 
research to investigate residual herbicide control on problematic weeds that are difficult to 
manage with non-residual herbicides. Whitaker et al. (2011) found that flumioxazin provided 
95% control of palmer amaranth (Amaranthus palmeri) 60 days after treatment (DAT), and Bond 
et al. (2014) controlled glyphosate-resistant Italian ryegrass 97% with S-metolachlor 100 DAT.     
Weed removal timing 
Timely herbicide applications in a weed management system ensures that a crop can 
emerge and establish a strong and healthy stand. Herbicide applications made too close to 
planting may result in weeds still surviving while the crop is emerging. Allowing weeds to 
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survive with crop seedlings may hurt yield potential early in the growing season from 
competition for light, water, and soil nutrients (Lindsey and Thomison, 2016). Herbicide 
applications made too early before planting may be inefficient if all weed control is lost before a 
crop is planted. Another key component in weed control for any crop is the “critical period.” The 
critical period is a time in the crop growth cycle during which weeds must be controlled to 
prevent yield losses (Knezevic et al., 2002).  
Halford et al. (2001) observed a critical period in corn of about 16 to 43 days after 
emergence (DAE) and a critical period of 13 to 44 DAE was observed in soybean (Glycine max 
L.) using a variety of economically important weeds. Critical periods are different, however, 
when dealing with winter annual weeds like Italian ryegrass. Italian ryegrass will already be fully 
established in the spring when corn planting begins, (Nandula, 2014). Critical periods vary 
drastically with respect to the observed crop and the weeds present. Identifying critical periods in 






RESIDUAL HERBICIDE EFFECTS ON ITALIAN RYEGRASS CONTROL IN MISSISSIPPI 
CORN PRODUCTION 
Abstract 
Italian ryegrass is prevalent throughout Mississippi, and it has become more difficult to 
manage since populations have developed resistance to glyphosate. A study was conducted to 
evaluate the effect of herbicide selection on Italian ryegrass control, corn production, and return 
on investment (ROI) in Mississippi. Residual herbicides were applied in the fall of 2017 and 
2018 and evaluated for Italian ryegrass control. Each herbicide was followed by (fb) a single 
February paraquat application or a January clethodim application fb a February paraquat 
application. In 2017, six of seven fall-applied herbicides controlled Italian ryegrass > 90% in the 
field 56 days after treatment (DAT). In containers, five of seven fall-applied herbicides 
controlled Italian ryegrass > 90% 56 DAT.  In 2018 field plots, 12 of 14 fall-applied herbicides 
controlled Italian ryegrass > 90% 56 DAT, while only three fall-applied herbicides provided 90% 
control in containers. Corn was planted and harvested in 2018 and 2019 to evaluate herbicide 
efficacy on grain production. Yield in 2018 was the highest following the prepackaged tank 
mixture of S-metolachlor plus atrazine fb paraquat. In 2019, yield was greatest following the tank 
mix of S-metolachlor plus atrazine plus mesotrione plus bicylopyrone fb clethodim fb paraquat. 





ROI both years. The results show that Mississippi corn growers have reliable options with which 
to control glyphosate-resistant Italian ryegrass. 
Introduction 
Perez and Kogan (2002) reported the first documented case of glyphosate-resistant (GR) 
Italian ryegrass in two fruit orchards in Chile in 2002. Glyphosate is a non-selective, 
postemergence herbicide that inhibits amino acid production by disrupting the shikimate 
pathway (Heap and Duke, 2018). A GR biotype of Italian ryegrass was identified in a filbert 
orchard in Oregon in 2005 (Perez-Jones, 2005). Populations of GR perennial ryegrass and Italian 
ryegrass have been documented in New Zealand vineyards (Ghanizadeh et al., 2013). Some GR 
Italian ryegrass populations in Oregon orchards have also exhibited resistance to glufosinate 
(Avila-Garcia and Mallory-Smith, 2011). Italian ryegrass populations expressing resistance to 
glyphosate in a row-crop production system were first documented in Mississippi in 2005 
(Nandula et al., 2007). Today, there are documented populations of GR Italian ryegrass in row-
crop producing counties across Mississippi. Nandula (2014) found that corn yield was reduced 
an average of 1,600 kg ha-1 for every GR Italian ryegrass plant, from zero to four plants, that was 
added to a meter of cornrow. Italian ryegrass populations in the Mississippi Delta have also 
exhibited resistance to clethodim, a foliar herbicide used extensively for grass control (Bond, 
2018).    
Control has become more difficult for wheat (Triticum aestivum L.) producers since the 
development of diclofop-resistant Italian ryegrass populations (Crooks et al., 2003). Populations 





Coats, 1996), and a biotype of mesosulfuron-resistant Italian ryegrass was documented in 2005 
near Waco, Texas (Ellis et al., 2008). A study of Italian ryegrass seeds collected from crop fields 
in northern Idaho and eastern Washington, and treated with different postemergence herbicides, 
found 5% of the population displayed resistance to clethodim (Rauch et al., 2010).  
Residual herbicides are necessary to control herbicide-resistant Italian ryegrass. Residual 
herbicides provide long-term weed control and can reduce the over-reliance on foliar herbicides 
(Van Acker, 2004). Bond et al. (2014) found that pyroxasulfone at 0.16 kg ha-1 controlled GR 
Italian ryegrass 96% 100 days after treatment (DAT). This study aimed to test residual herbicide 
effects on Italian ryegrass control and to identify the most productive and profitable Italian 
ryegrass management program for Mississippi corn growers. 
Materials and Methods 
Field Study 
A field study was conducted from 2017-2018 (site-year 1) and from 2018-2019 (site-year 
2) to describe the effects of herbicide selection on Italian ryegrass control in Mississippi corn 
production. The study was conducted at the Black Belt Research Station (33.26º N, -88.54º W) in 
Brooksville, MS, from 2017-2018, and the Coastal Plain Branch Experiment Station (32.33º N, -
89.08º W) in Newton, MS, from 2018-2019. Due to wet fall conditions and other circumstances, 
it was not possible to conduct a second year of this study at Brooksville.  
The study consisted of 18 and 32 treatments for site-years 1 and 2, respectively. Plots for 
site-year 1 measured 3 by 9 m, and dimensions for site-year 2 were 3 by 15 m. A randomized 





was a Brooksville silty clay (3% organic matter, pH of 6.1) and site-year 2 consisted of a of a 
Prentiss very fine sandy loam (1.75% organic matter, pH of 7.0). All herbicide applications for 
both site-years were made with a four-nozzle boom sprayer at a 5.05 km h-1 walking speed. 
Treatments were applied at 140 L ha-1 and 276 kPa. Air Induction Extended Range 110015 
(AIXR) nozzles (TeeJet® Technologies, Wheaton, IL) were used for all herbicide applications. 
Oregon-grown Italian ryegrass, ‘Gulf variety’ (Oregon Ryegrass Commission, Salem, 
OR), was over-seeded at 112 kg ha-1 on November 8, 2017, for site-year 1 and drilled at the same 
rate on October 19, 2018, for site-year 2. Residual herbicides were applied November 10, 2017, 
and October 22, 2018, for site-years 1 and 2, respectively. Clethodim (Select Max®, Valent, 
Walnut Creek, CA) was applied at 0.10 kg ai ha-1 plus a nonionic surfactant (Activate PlusTM, 
WinField United, River Falls, WI) at 0.25% (v/v) to select plots on January 30, 2018, and 
January 31, 2019, for site-years 1 and 2, respectively. Paraquat (Gramoxone® SL 2.0, Syngenta, 
Greensboro, NC) was applied at 1.13 kg ai ha-1 plus a crop oil concentrate (Agri-Dex®, Helena 
Chemical Co., Memphis, TN) at 1% (v/v) to all plots on February 20, 2018, and February 26, 
2019, for site-years 1 and 2, respectively.  
Fall-applied residual herbicides used for both site-years were S-metolachlor at 1.63 kg ai 
ha-1 (Dual II Magnum®, Syngenta), S-metolachlor at 1.70 kg ai ha-1 plus atrazine at 2.19 kg ai ha-
1 (Cinch® ATZ, Corteva Agriscience, Wilmington, DE), S-metolachlor at 1.48 kg ai ha-1 plus 
atrazine at 1.48 kg ai ha-1 plus mesotrione at 0.19 kg ai ha-1 (Lexar® EZ, Syngenta), S-
metolachlor at 1.21 kg ai ha-1 plus atrazine at 0.57 kg ai ha-1 plus mesotrione at 0.14 kg ai ha -1 
plus bicyclopyrone at 0.034 kg ai ha-1 (Acuron®, Syngenta), pyroxasulfone at 0.19 kg ai ha-1 





fluthiacet-methyl at 0.006 kg ai ha-1 (Anthem® Maxx, FMC, Philadelphia, PA), and 
pyroxasulfone at 0.17 kg ai ha-1 plus fluthiacet-methyl at 0.005 kg ai ha-1 plus atrazine at 1.42 kg 






















Table 2.1 Treatment numbers, herbicide active ingredients, rates, and trade names for treatments sprayed at Brooksville, MS and 
Starkville, MS in 2017 
a Followed by January clethodim application  
b Followed by February paraquat application  
Treatment Active Ingredient(s) and rates (kg ai ha-1) Trade Name 
1 Untreated check  
2b, 9ab S-metolachlor, 1.63 Dual II Magnum® 
3b, 10ab S-metolachlor, 1.70 + atrazine, 2.19 Cinch® ATZ 
4b, 11ab S-metolachlor, 1.48 + atrazine, 1.48 + mesotrione, 0.19 Lexar® EZ 
5b, 12ab S-metolachlor, 1.21 + atrazine, 0.57 + mesotrione, 0.14 + bicyclopyrone, 0.0034 Acuron® 
6b, 13ab pyroxasulfone, 0.19 Zidua® SC 
7b, 14ab pyroxasulfone, 0.19 + fluthiacet, 0.006 Anthem® Maxx 
8b, 15ab pyroxasulfone, 0.17 + fluthiacet, 0.005 + atrazine, 1.42 Anthem® ATZ 
16b clethodim, 0.10 Select Max® 
17 clethodim, 0.10 Select Max® 
18 paraquat, 1.13 Gramoxone® SL 2.0 
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 Additional fall-applied residual herbicides were added to the 2018-2019 study and 
included S-metolachlor at 1.86 kg ai ha-1 plus metribuzin at 0.44 kg ai ha-1 (Boundary® 6.5 EC, 
Syngenta), flufenacet at 0.46 kg ai ha-1 plus metribuzin at 0.12 kg ai ha-1  (Axiom® DF, Bayer 
CropScience, St. Louis, MO) at 0.23 kg ai ha-1, and oxyfluorfen at 0.43 kg ai ha-1 (Goal® 2XL, 
Corteva Agriscience). 
Treatments also added for the second site-year were herbicides that were tank mixed 
using individual active ingredients. These treatments were added to test the true additive effect of 
each active ingredient on Italian ryegrass control. These herbicides consisted of S-metolachlor at 
1.63 kg ai ha-1 plus atrazine (Aatrex® 4L, Syngenta) at 2.19 g ai ha-1 (Tank mix 1), S-metolachlor 
1.63 kg ai ha-1 plus atrazine at 2.19 kg ai ha-1 plus mesotrione (Callisto®, Syngenta) at 0.19 kg ai 
ha-1 (Tank mix 2), S-metolachlor at 1.63 kg ai ha-1 plus atrazine at 2.19 kg ai ha-1 plus mesotrione 
at 0.19 kg ai ha-1 plus bicyclopyrone at 0.034 kg ai ha-1 (Tank mix 3), and pyroxasulfone at 0.19 
g ai ha-1 plus atrazine at 2.19 kg ai ha-1 (Tank mix 4). Site-year 2 also included a treatment 
consisting of a January paraquat application (1.13 kg ai ha-1) fb a February clethodim application 







Table 2.2 Treatment numbers, herbicide active ingredients, rates, and trade names for treatments sprayed from 2018-2019 at 
Newton, MS 
a Followed by January clethodim application  
b Followed by February paraquat application (Treatment 24 was followed by a February clethodim application) 
Treatment Active Ingredient(s) and rates (kg ai ha-1) Trade Name 
1 Untreated check  
2 Weed-free check  
3b,13ab S-metolachlor, 1.63  Dual II Magnum® 
4b, 14ab S-metolachlor, 1.70 + atrazine, 2.19 Cinch® ATZ 
5b, 15ab S-metolachlor, 1.48 + atrazine, 1.48 + mesotrione, 0.19 Lexar® EZ 
6b, 16ab S-metolachlor, 1.21 + atrazine, 0.57 + mesotrione, 0.14 + bicyclopyrone, 0.0034 Acuron® 
7b, 17ab pyroxasulfone, 0.19 Zidua® SC 
8b, 18ab pyroxasulfone, 0.19 + fluthiacet, 0.006 Anthem® Maxx 
9b, 19ab pyroxasulfone, 0.17 + fluthiacet, 0.005 + atrazine, 1.42 Anthem® ATZ 
10b, 20ab S-metolachlor, 1.86 + metribuzin, 0.44 Boundary® 6.5 EC 
11b, 21ab flufenacet, 0.46 + metribuzin, 0.12 Axiom® DF 
12b, 22ab oxyfluorfen, 0.43  Goal® 2XL 
23b clethodim, 0.10 Select Max® 
24b paraquat, 1.13 Gramoxone® SL 2.0 
25b, 29ab S-metolachlor, 1.63 + atrazine, 2.19 Tank mix 1 
26b, 30ab S-metolachlor, 1.63 + atrazine, 2.19 + mesotrione, 0.19 Tank mix 2 
27b, 31ab S-metolachlor, 1.63 + atrazine, 2.19 + mesotrione, 0.19 + bicyclopyrone, 0.0034 Tank mix 3 
28b, 32ab pyroxasulfone, 0.19 + atrazine, 2.19  Tank mix 4 
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Control ratings of Italian ryegrass were visually estimated 7, 14, 28, and 56 days after 
herbicide applications. Ratings were visually estimated using control percentages of 0 to 100% to 
assess weed control in each plot. The untreated check was used for comparison. ‘DynaGro 
58VC65’ (Dyna-Gro Seed, Geneseo, IL) hybrid seed corn was planted at 70,000 seeds ha-1 on 
April 5, 2018, for site-year 1, and ‘DeKalb 70-27’ (Bayer Crop Science, St. Louis, MO) was 
planted at the same population on March 19, 2019, for site-year 2. A postemergence (POST) 
application of S-metolachlor plus atrazine plus mesotrione plus bicyclopyrone (Acuron®) at 1.95 
kg ai ha-1 and glyphosate (Roundup Powermax® II, Bayer Crop Science) at 1.56 kg ai ha-1 was 
applied on May 16, 2018. Site-year 2 received a POST application of S-metolachlor at 1.63 kg ai 
ha-1 plus atrazine at 0.57 kg ai ha-1 plus mesotrione at 0.08 kg ai ha-1 plus glyphosate at 1.56 kg 
ai ha-1 on April 29, 2019.  
Corn was harvested by hand August 16, 2018, in site-year 1 (middle 3 m of center row) 
because machine harvest was not feasible. Plots were machine harvested August 15, 2019, for 
site-year 2 (12 m, 4 rows). Border rows were present for both site-years to minimize border 
effects. Grain yield was calculated using Agriculture Research Management (ARM) software 
(Gylling Data Management, Inc., Brookings, SD). Returns on Investment (ROI) from treatments 
were calculated for both site-years. Values were calculated using the following equation:  
 𝑹𝑶𝑰 = (𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕 𝒚𝒊𝒆𝒍𝒅 𝒙 $𝟎. 𝟏𝟒) − ((𝑼𝑻𝑪 𝒚𝒊𝒆𝒍𝒅 𝒙 $𝟎. 𝟏𝟒) + (𝒉𝒆𝒓𝒃𝒊𝒄𝒊𝒅𝒆 𝒄𝒐𝒔𝒕/𝒉𝒂))  
A corn price of $0.14/kg was used for ROI calculation. Equipment costs were not considered 
when calculating ROI.   All crop and weed control data were analyzed using PROC GLM in SAS 
9.4 (Statistical Analysis Software, Cary, NC) using Tukey’s Honestly Significant Difference 
(HSD) with means separation of α=0.05. 
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Container study  
A study was conducted in containers at the R.R. Foil Plant Science Research Center 
(33.47º N, -88.78º W) in Starkville, MS, to observe the effects of herbicide selection on Italian 
ryegrass control and consisted of two site-years (2017-2018, 2018-2019). Containers measuring 
625 cm2 were filled with Sun Gro® Metro-Mix potting soil (Sun Gro® Horticulture, Agawam, 
MA). Oregon-grown Italian ryegrass, ‘Gulf variety’, was over-seeded at 112 kg ha-1 on 
November 1, 2017, and November 5, 2018, for site-years 1 and 2, respectively.  
Residual herbicides were sprayed on the same day as Italian ryegrass planting for both 
site-years using a Generation 4 Research Track Sprayer (Devries Manufacturing, Hollandale, 
MN). After the spray applications, trays were moved outdoors. Site-year 1 treatments were 
identical as in the field. Site-year 2 contained one more fall-applied herbicide than site-year 1, 
which was the prepackaged tank mixture of metolachlor at 1.07 kg ha-1 plus atrazine at 1.11 kg 
ha-1 (Parallel® PLUS, Adama, Raleigh, NC). Clethodim was applied to selected trays on January 
30, 2018, and January 29, 2019, for site-years 1 and 2, respectively. Paraquat was applied to 
trays on February 20, 2018, and February 25, 2019, for site-years 1 and 2, respectively.  
Weed control ratings were obtained using the same method as in the field. No crop was 
planted in this study. All weed control data were analyzed using PROC GLM in SAS 9.4 using 
Tukey’s HSD with means separation of α=0.05.  Treatments are displayed in Tables 2.1 and 2.3 
for site-years 1 and 2, respectively. Herbicide trade names are used in the discussion and 






Table 2.3 Treatment numbers, herbicide active ingredients, rates, and trade names for treatments sprayed at Starkville MS from 
2018-2019  
a Followed by January clethodim application  
b Followed by February paraquat application (Treatment 33 was followed by a February clethodim application)
Treatment Active Ingredient(s) and rates (kg ai ha-1) Trade Name 
1 Untreated check  
2b,9ab S-metolachlor, 1.63  Dual II Magnum® 
3b, 10ab S-metolachlor, 1.70 + atrazine, 2.19 Cinch® ATZ 
4b, 11ab S-metolachlor, 1.48 + atrazine, 1.48 + mesotrione, 0.19 Lexar® EZ 
5b, 12ab S-metolachlor, 1.21 + atrazine, 0.57 + mesotrione, 0.14 + bicyclopyrone, 0.0034 Acuron® 
6b, 13ab pyroxasulfone, 0.19 Zidua® SC 
7b, 14ab pyroxasulfone, 0.19 + fluthiacet, 0.006 Anthem® Maxx 
8b, 15ab pyroxasulfone, 0.17 + fluthiacet, 0.005 + atrazine, 1.42 Anthem® ATZ 
16b clethodim, 0.10 Select Max® 
17b, 21ab S-metolachlor, 1.86 + metribuzin, 0.44 Boundary® 6.5 EC 
18b, 22ab metolachlor, 1.07 + atrazine, 1.11 Parallel® Plus 
19b, 23ab flufenacet, 0.46 + metribuzin, 0.12 Axiom® DF 
20b, 24ab oxyfluorfen, 0.43  Goal® 2XL 
25b, 29ab S-metolachlor, 1.63 + atrazine, 2.19 Tank mix 1 
26b, 30ab S-metolachlor, 1.63 + atrazine, 2.19 + mesotrione, 0.19 Tank mix 2 
27b, 31ab S-metolachlor, 1.63 + atrazine, 2.19 + mesotrione, 0.19 + bicyclopyrone, 0.0034 Tank mix 3 
28b, 32ab pyroxasulfone, 0.19 + atrazine, 2.19  Tank mix 4 
33b paraquat, 1.13 Gramoxone® SL 2.0 
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Results and Discussion 
Site-year 1 
Italian ryegrass control 
Italian ryegrass control from site-year 1 at Brooksville, MS (field) and Starkville, MS 
(containers) is presented in Table 2.4. Cinch® ATZ, Lexar® EZ, and Anthem® ATZ provided 
greater Italian ryegrass control in the field 56 DAT than the other four fall-applied residual 
herbicides.  
Anthem® Maxx and Anthem® ATZ each provided greater control than both Cinch® ATZ 
and Lexar® EZ in containers 28 and 56 DAT. Herbicides containing S-metolachlor controlled 
Italian ryegrass between 82% and 91% 28 DAT and between 87% and 93% 56 DAT in 
containers. Pyroxasulfone-containing herbicides controlled Italian ryegrass ≥ 97% both 28 and 
56 DAT in containers.   
Properties of S-metolachlor and pyroxasulfone are presented in Table 2.5. S-metolachlor 
has a sorption coefficient (Kd) of 4.01 and water solubility of 530 mg L
-1. Pyroxasulfone has a Kd 
of 1.72 and a water solubility of 3 mg L-1. The lower control from herbicides containing S-
metolachlor 28 and 56 DAT in containers could be attributed to S-metolachlor having a higher 
Kd and water solubility than pyroxasulfone. A higher Kd means that a herbicide is more tightly 
bound to soil clay and organic matter, and Hartzler (2014) states that Kd determines a herbicide’s 
mobility in soil more than does water solubility. The high organic matter content of the potting 
soil used in the spray chamber might have bound and degraded a greater amount of S-
metolachlor than pyroxasulfone, which would have resulted in reduced weed control from 
herbicides containing S-metolachlor. Pyroxasulfone was likely not bound as tightly to the 
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Table 2.4 Herbicide active ingredients and trade names, and Italian ryegrass control 28 and 56 days after treatment (DAT) from 
field plots at Brooksville, MS and containers at Starkville, MS, fall 2017a 
a Means followed by same letter within each rating timing and location are not different at P ≤ 0.05 




a Westra et al. 2014, Hartzler 2013 
 S-metolachlor pyroxasulfone 
Kd 4.01 1.72 
Water solubility 530 mg L-1 3 mg L-1 
  Field Containers 
Active ingredient(s) Trade name 28 DAT 56 DAT 28 DAT 56 DAT 
S-metolachlor Dual II Magnum® 84 a 89 b 91 abc 91 abc 
S-metolachlor + atrazine Cinch® ATZ 90 a 98 a 86 bc 89 bc 
S-metolachlor + atrazine + mesotrione Lexar® EZ 91 a 96 a 82 c 87 c 
S-metolachlor + atrazine + mesotrione + bicyclopyrone Acuron® 84 a 90 b 91 abc 93 abc 
pyroxasulfone Zidua® SC 86 a 90 b 97 ab 97 ab 
pyroxasulfone + fluthiacet Anthem® Maxx 82 a 90 b 99 a 99 a 




Corn yield from site-year 1 is presented in Table 2.6. Yield following the treatment of 
Cinch® ATZ fb paraquat was greater than yield following the treatment of Anthem® ATZ fb 
paraquat. Except for Anthem® Maxx and Anthem® ATZ, yield following fall-applied residual 
herbicides fb paraquat was greater than yield following the single February paraquat application.   
Yields were similar across fall-applied residual herbicides that were fb clethodim and 
paraquat. Yield increased an average of 22 kg ha-1 per treatment when clethodim followed a fall-
applied residual herbicide compared to when it did not. All of these treatments yielded higher 
than the clethodim fb paraquat application with no fall-applied residual herbicide, but only 
Lexar® EZ and Acuron® yielded higher than the single clethodim application.  
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Table 2.6 Corn yield from Brooksville, MSa 
a Means followed by same letter are not different at P ≤ 0.05 
b Followed by February paraquat application 
c Followed by January clethodim application  
 
 
Active Ingredient(s)  Trade Name Yield ( kg ha-1) 
S-metolachlorb Dual II Magnum® 11,806 abc 
S-metolachlor + atrazineb Cinch® ATZ 12,844 a 
S-metolachlor + atrazine + mesotrioneb Lexar® EZ 12,151 ab 
S-metolachlor + atrazine + mesotrione + bicyclopyroneb Acuron® 11,859 abc 
pyroxasulfoneb Zidua® SC 11,908 abc 
pyroxasulfone + fluthiacetb Anthem® Maxx 10,554 abcd 
pyroxasulfone + fluthiacet + atrazineb Anthem® ATZ 9,736 bcde 
S-metolachlorbc Dual II Magnum® 10,859 abc 
S-metolachlor + atrazinebc Cinch® ATZ 10,567 abcd 
S-metolachlor + atrazine + mesotrionebc Lexar® EZ 12,228 ab 
S-metolachlor + atrazine + mesotrione + bicyclopyronebc Acuron® 12,798 a 
pyroxasulfonebc Zidua® SC 10,926 abc 
pyroxasulfone + fluthiacetbc Anthem® Maxx 11,978 abc 
pyroxasulfone + fluthiacet + atrazinebc Anthem® ATZ 11,656 abc 
clethodim (January) Select Max® 9,184 cde 
paraquat (February) Gramoxone® SL 2.0 7,990 def 
clethodim fb paraquat  7,559 ef 
Untreated check  5,042 f 
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Return on Investment 
Returns on Investment (ROI) from site-year 1 are presented in Table 2.7. Cinch® ATZ fb 
paraquat produced the highest ROI out of all treatments, while clethodim fb paraquat with no 
fall-applied herbicide produced the lowest ROI. Dual II Magnum®, Cinch® ATZ, Lexar® EZ, and 
Zidua® SC produced higher ROIs when fb paraquat alone than when fb clethodim and paraquat. 
Acuron®, Anthem® Maxx, and Anthem® ATZ produced higher ROIs when fb clethodim and 
paraquat than when fb paraquat alone. Select Max® alone resulted in a slightly higher ROI than 
Anthem® ATZ fb paraquat.  
Fall-applied herbicides fb paraquat produced an average ROI of $712.73 ha-1, while fall-
applied residual herbicides fb clethodim fb paraquat averaged $697.09 ha-1. An average ROI of 
$709.41 ha-1 was observed across treatments that received a fall-applied residual herbicide, and 
treatments that did not receive a herbicide in the fall averaged $328.34 ha-1. This data suggests 
that applying a residual herbicide in the fall will likely result in higher profits for a grower when 











Table 2.7 Returns on Investment (ROI) for site-year 1 at Brooksville, MS 
a Followed by February application of paraquat  
b Followed by January application of clethodim 
 
Active Ingredient(s)  Trade Name ROI ($/ha) 
S-metolachlora Dual II Magnum® $ 782.52 
S-metolachlor + atrazinea Cinch® ATZ $ 915.63 
S-metolachlor + atrazine + mesotrionea Lexar® EZ $ 771.63 
S-metolachlor + atrazine + mesotrione + bicyclopyronea Acuron® $ 754.41 
pyroxasulfonea Zidua® SC $784.23 
pyroxasulfone + fluthiaceta Anthem® Maxx $ 583.71 
pyroxasulfone + fluthiacet + atrazinea Anthem® ATZ $ 459.96 
S-metolachlorab Dual II Magnum® $ 620.56 
S-metolachlor + atrazineab Cinch® ATZ $565.43 
S-metolachlor + atrazine + mesotrioneab Lexar® EZ $ 754.78 
S-metolachlor + atrazine + mesotrione + bicyclopyroneab Acuron® $ 859.73 
pyroxasulfoneab Zidua® SC $617.35 
pyroxasulfone + fluthiacetab Anthem® Maxx $ 757.60 
pyroxasulfone + fluthiacet + atrazineab Anthem® ATZ $ 704.17 
clethodim (January) Select Max® $ 463.42 
paraquat (February) Gramoxone® SL 2.0 $ 292.84 




Italian ryegrass control 
Fall-applied residual herbicide control of Italian ryegrass at Newton, MS is presented in 
Table 2.8. Goal® 2XL provided 95% Italian ryegrass control 7 DAT, the greatest control at that 
evaluation. No other herbicide controlled Italian ryegrass >80% 7 DAT. The tank mix herbicides 
were similar to the prepackaged tank mixtures with regard to Italian ryegrass control 7 DAT.   
Both Goal® 2XL and pyroxasulfone plus atrazine (Tank mix 4) controlled Italian ryegrass 
96% 14 DAT. Pyroxasulfone alone controlled Italian ryegrass 84% 14 DAT. S-metolachlor plus 
atrazine (Tank mix 1) provided 92% control 14 DAT, while Dual II Magnum® controlled Italian 
ryegrass 82% 14 DAT. Acuron® provided the lowest control 7 and 14 DAT, and contained a 
lower rate of S-metolachlor than Dual II Magnum®, Cinch® ATZ, and Lexar® EZ. Acuron® also 
contained both a lower rate of atrazine than Cinch® ATZ and Lexar® EZ, and a lower rate of 
mesotrione than Lexar® EZ.  
All herbicides controlled Italian ryegrass ≥ 89% 28 DAT. Zidua® SC controlled Italian 
ryegrass 90%, while Custom 4 provided 98% control 28 DAT. Dual II Magnum® with and 
without atrazine provided 94% and 89% Italian ryegrass control 28 DAT, respectively.  
Dual II Magnum® and Zidua® SC controlled Italian ryegrass 96 and 97%, respectively, 56 
DAT. Bond et al. (2014) found comparable results when assessing fall-applied residual herbicide 
efficacy on GR Italian ryegrass. Most fall-applied herbicides provided the greatest control 56 
DAT. Vencill (2002) states that residual herbicides like S-metolachlor can be absorbed through 
the roots and translocated to the shoots of emerged plants, which might explain the increase in 
control throughout the rating dates.     
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Goal® 2XL was the only herbicide to control Italian ryegrass <89% 56 DAT. Goal® 2XL 
provided 81% control 56 DAT, compared to 95% control 28 DAT. The decrease in control from 
Goal® 2XL can be attributed to the herbicide’s mode of action. The active ingredient oxyflurofen 
is classified as a Protoporphyrinogen Oxidase (PPO) Inhibitor, while S-metolachlor and 
pyroxasulfone are both classified as long-chain fatty acid (LCFA) inhibitors (WSSA, 2011). PPO 
inhibitors are primarily contact herbicides that achieve maximum kill in a week or less, while 
LCFA inhibitors persist in the soil for 10 to 15 weeks and provide longer residual control (Ross 
and Childs, 1996). Oxyflurofen is strongly adsorbed to soil particles, while S-metolachlor is 
strongly absorbed by emerging shoots (Vencill, 2002). Although Goal® 2XL provided the lowest 
amount of control 56 DAT; it provided excellent control up to 28 DAT. These data suggest that 











Table 2.8 Residual herbicide control of Italian ryegrass in field plots 7, 14, 28 and 56 DAT at Newton, MSa 
a Means followed by same letter within each rating timing are not different at P ≤ 0.05 
Active ingredient(s) Trade Name 7 DAT 14 DAT 28 DAT 56 DAT 
S-metolachlor Dual II Magnum® 78 b 82 ef 89 f 96 a 
S-metolachlor + atrazine Cinch® ATZ 79 b 92 ab 95 abcd 98 a 
S-metolachlor + atrazine + mesotrione Lexar® EZ 76 bc 85 def 93 bcde 95 a 
S-metolachlor + atrazine + mesotrione + bicyclopyrone Acuron® 71 c 81 f 91 def 94 ab 
pyroxasulfone Zidua® SC 76 bc 84 def 90 ef 97 a 
pyroxasulfone + fluthiacet Anthem® Maxx 78 b 87 cde 92 cdef 98 a 
pyroxasulfone + fluthiacet + atrazine Anthem® ATZ 76 bc 92 ab 94 abcd 99 a 
S-metolachlor + metribuzin 
 
Boundary® 6.5 EC 80 b 88 bcd 95 abcd 98 a 
flufenacet + metribuzin Axiom® DF 74 bc 85 def 90 ef 89 b 
oxyfluorfen  Goal® 2XL 95 a 96 a 95 abcd 81 c 
S-metolachlor + atrazine Custom 1 75 bc 92 ab 94 abcd 97 a 
S-metolachlor + atrazine + mesotrione Custom 2 76 bc 92 ab 97 ab 98 a 
S-metolachlor + atrazine + mesotrione + bicyclopyrone Custom 3 75 bc 91 abc 95 abc 97 a 
pyroxasulfone + atrazine  Custom 4 78 bc 96 a 98 a 99 a 
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Fall-applied residual herbicide control of Italian ryegrass from site-year 2 in containers is 
presented in Table 2.9. Italian ryegrass control 7 DAT ranged from 68% to 90%. Zidua® SC 
(85%) provided greater Italian ryegrass control 7 DAT than Dual II Magnum® (68%). All 
pyroxasulfone-containing herbicides controlled Italian ryegrass ≥ 85% 7 DAT. All three tank-
mix herbicides that contained S-metolachlor as the base active ingredient provided greater Italian 
ryegrass control than Dual II Magnum® alone.  
 Italian ryegrass control 14 DAT ranged from 75% to 95%. Herbicides containing S-
metolachlor controlled Italian ryegrass 75% to 85%, while pyroxasulfone-containing herbicides 
provided 90% to 95% control. Anthem® Maxx controlled Italian ryegrass greater than all other 
herbicides except Cinch® ATZ, Zidua® SC, Anthem® ATZ, and pyroxasulfone plus atrazine.  
 Italian ryegrass control spanned 75% to 97% 28 DAT. Anthem® Maxx (97%) provided 
greater Italian ryegrass control than all herbicides that did not contain pyroxasulfone. Cinch® 
ATZ controlled Italian ryegrass greater than Acuron® and Goal® 2XL 28 DAT.   
Control 56 DAT ranged from 66% to 93%. Prepackaged tank mixtures containing 
pyroxasulfone provided greater Italian ryegrass control 56 DAT than those containing S-
metolachlor. The addition of atrazine alone and atrazine plus mesotrione to Dual II Magnum® 





Table 2.9 Residual herbicide control of Italian ryegrass in containers 7, 14, 28, and 56 DAT, fall 2018a 





Active ingredient(s) Trade Name 7 DAT 14 DAT 28 DAT 56 DAT 
S-metolachlor Dual II Magnum® 68 c 79 cd 81 def 72 ef 
S-metolachlor + atrazine Cinch® ATZ 85 ab 85 abcd 87 bcd 81 cdef 
S-metolachlor + atrazine + mesotrione Lexar® EZ 73 bc 80 cd 80 def 80 cdef 
S-metolachlor + atrazine + mesotrione + bicyclopyrone Acuron® 75 bc 75 d 75 f 75 def 
pyroxasulfone Zidua® SC 85 ab 90 abc 92 abc 89 ab 
pyroxasulfone + fluthiacet Anthem® Maxx 90 a 95 a 97 a 93 a 
pyroxasulfone + fluthiacet + atrazine Anthem® ATZ 85 ab 94 ab 93 ab 92 a 
S-metolachlor + metribuzin Boundary® 6.5 EC 78 abc 83 bcd 81 def 82 bcde 
flufenacet + metribuzin Axiom® DF 82 ab 77 d 83 def 78 cde 
oxyfluorfen  Goal® 2XL 82 ab 78 d 76 ef 66 f 
metolachlor + atrazine Parallel® Plus 79 abc 79 cd 79 def 74 ef 
S-metolachlor + atrazine Custom 1 79 abc 78 d 85 cde 85 abcd 
S-metolachlor + atrazine + mesotrione Custom 2 84 ab 83 bcd 86 bcd 86 abc 
S-metolachlor + atrazine + mesotrione + bicyclopyrone Custom 3 81 ab 82 bcd 86 bcd 81 bcde 
pyroxasulfone + atrazine  Custom 4 88 a 93 ab 95 ab 93 a 
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Italian ryegrass control on March 12, 2019 at Newton, MS is presented in Table 2.10. 
Ratings were taken 141 days after fall-applied herbicide applications and 14 days after paraquat 
applications. When a fall-applied herbicide was fb paraquat, Italian ryegrass control ranged from 
83% to 94%. Italian ryegrass control was ≥ 99% when a fall-applied herbicide was fb clethodim 
fb paraquat. Control following the treatment of Dual II Magnum® fb paraquat was lower than 
following the treatments of Anthem® ATZ fb paraquat and Boundary® 6.5 EC fb paraquat.  
Italian ryegrass control was greater when the following fall-applied herbicides were fb 
clethodim fb paraquat versus when they were fb paraquat alone: Dual II Magnum®, Lexar® EZ, 
Acuron®, Axiom® DF, and Goal® 2XL. Italian ryegrass control following the treatment of Goal® 
2XL fb paraquat was lower than all other fall-applied herbicide treatments except: Dual II 
Magnum® fb paraquat, Lexar® EZ fb paraquat, Acuron® fb paraquat, Axiom® DF fb paraquat, 
and S-metolachlor plus atrazine (Tank-mix 1) fb paraquat. The treatment of paraquat fb 










Table 2.10 Italian ryegrass control March 19, 2019 at Newton, MSa 
a Means followed by same letter within each rating timing are not different at P ≤ 0.05 
b Followed by  February application of paraquat  
c Followed by January application of clethodim 
 
 
Active ingredient(s) Trade name Italian ryegrass 
control 
S-metolachlorb Dual II Magnum® 88 def 
S-metolachlor + atrazineb Cinch® ATZ 95 abcd 
S-metolachlor + atrazine + mesotrioneb Lexar® EZ 90 cdef 
S-metolachlor + atrazine + mesotrione + bicyclopyroneb Acuron® 85 ef 
pyroxasulfoneb Zidua® SC 94 abcd 
pyroxasulfone + fluthiacetb Anthem® Maxx 95 abcd 
pyroxasulfone + fluthiacet + atrazineb Anthem® ATZ 99 ab 
S-metolachlor + metribuzinb Boundary® 6.5 EC 98 abc 
flufenacet + metribuzinb Axiom® DF 85 ef 
oxyfluorfenb  Goal® 2XL 83 f 
S-metolachlor + atrazineb Tank mix 1 90 cdef 
S-metolachlor + atrazine + mesotrioneb Tank mix 2 91 bcde 
S-metolachlor + atrazine + mesotrione + bicyclopyroneb Tank mix 3 94 abcd 
pyroxasulfone + atrazineb Tank mix 4 93 abcde 
S-metolachlorbc Dual II Magnum® 100 a 
S-metolachlor + atrazinebc Cinch® ATZ 100 a 
S-metolachlor + atrazine + mesotrionebc Lexar® EZ 100 a 
S-metolachlor + atrazine + mesotrione + bicyclopyronebc Acuron® 100 a 
pyroxasulfonebc Zidua® SC 100 a 
pyroxasulfone + fluthiacetbc Anthem® Maxx 99 ab 
pyroxasulfone + fluthiacet + atrazinebc Anthem® ATZ 100 a 
S-metolachlor + metribuzinbc Boundary® 6.5 EC 100 a 
flufenacet + metribuzinbc Axiom® DF 100 a 
oxyfluorfenbc Goal® 2XL 100 a 
S-metolachlor + atrazinebc Tank mix 1 100 a 
S-metolachlor + atrazine + mesotrionebc Tank mix 2 100 a 
S-metolachlor + atrazine + mesotrione + bicyclopyronebc Tank mix 3 100 a 
pyroxasulfone + atrazinebc Tank mix 4 100 a 
clethodimb  Select Max® 95 abcd 
paraquatc Gramoxone® SL 2.0 70 g 
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Corn yield  
Corn yield from 2019 is presented in Table 2.11. Yield was greater following the 
prepackaged tank mixtures of Cinch ATZ® fb paraquat and Lexar® EZ fb clethodim fb paraquat 
than it was following the treatment of clethodim fb paraquat with no fall-applied herbicide. Yield 
was also greater following the tank-mix treatments of S-metolachlor plus atrazine plus 
mesotrione plus bicyclopyrone (Tank-mix 3) fb paraquat alone and fb clethodim fb paraquat than 
it was following the treatment of clethodim fb paraquat. Yield was greater following every 
sprayed treatment than it was in the untreated check.    
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Table 2.11 Corn yield from all treatments at Newton, MSa 
a Means followed by same letter are not significantly different at P ≤ 0.05 
b Followed by February application of paraquat  




Active ingredient(s) Trade name Corn yield (kg ha-1) 
S-metolachlorb Dual II Magnum® 6,871 ab 
S-metolachlor + atrazineb Cinch® ATZ 8,160 a 
S-metolachlor + atrazine + mesotrioneb Lexar® EZ 6,585 ab 
S-metolachlor + atrazine + mesotrione + bicyclopyroneb Acuron® 6,851 ab 
pyroxasulfoneb Zidua® SC 7,747 ab 
pyroxasulfone + fluthiacetb Anthem® Maxx 6,743 ab 
pyroxasulfone + fluthiacet + atrazineb Anthem® ATZ 7,152 ab 
S-metolachlor + metribuzinb Boundary® 6.5 EC 7,229 ab 
flufenacet + metribuzinb Axiom® DF 6,350 ab 
oxyfluorfenb  Goal® 2XL 6,659 ab 
S-metolachlor + atrazineb Tank mix 1 7,500 ab 
S-metolachlor + atrazine + mesotrioneb Tank mix 2 7,630 ab 
S-metolachlor + atrazine + mesotrione + bicyclopyroneb Tank mix 3 8,163 a 
pyroxasulfone + atrazineb Tank mix 4 7,158 ab 
S-metolachlorbc Dual II Magnum® 6,592 ab 
S-metolachlor + atrazinebc Cinch® ATZ 7,717 ab 
S-metolachlor + atrazine + mesotrionebc Lexar® EZ 7,996 a 
S-metolachlor + atrazine + mesotrione + bicyclopyronebc Acuron® 7,718 ab 
pyroxasulfonebc Zidua® SC 7,747 ab 
pyroxasulfone + fluthiacetbc Anthem® Maxx 7,266 ab 
pyroxasulfone + fluthiacet + atrazinebc Anthem® ATZ 7,283 ab 
S-metolachlor + metribuzinbc Boundary® 6.5 EC 7,752 ab 
flufenacet + metribuzinbc Axiom® DF 7,227 ab 
oxyfluorfenbc Goal® 2XL 7,286 ab 
S-metolachlor + atrazinebc Tank mix 1 7,020 ab 
S-metolachlor + atrazine + mesotrionebc Tank mix 2 7,332 ab 
S-metolachlor + atrazine + mesotrione + bicyclopyronebc Tank mix 3 7,978 a 
pyroxasulfone + atrazinebc Tank mix 4 7,575 ab 
clethodimb  Select Max® 5,623 b 
paraquatc Gramoxone® SL 2.0 6,562 ab 
Untreated check  3,346 c 
Weed-free check  6,889 ab 
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Return on Investment 
Returns on Investment (ROI) from site-year 2 are presented in Table 2.12. Cinch® ATZ 
fb paraquat produced the highest ROI for site-year 2, making it the best treatment with respect to 
ROI for both site-years. Clethodim fb paraquat with no fall-applied residual herbicide produced 
the lowest ROI for site-year 2. Dual II Magnum®, Cinch® ATZ, and Zidua® SC produced higher 
ROIs when fb only paraquat than when fb by clethodim and paraquat. All other fall-applied 
residual herbicides produced a higher ROI when fb clethodim and paraquat.  
Fall-applied residual herbicides that were fb only paraquat produced an average ROI of 
$403.55 ha-1, while an average ROI of $465.40 ha-1 was observed when fall-applied residual 
herbicides were fb clethodim and paraquat. The average ROI for all treatments that received a 
fall-applied residual herbicide was $433.82 ha-1, while the two treatments that did not receive a 




Table 2.12 Returns on Investment for site-year 2 at Newton, MS 
a Followed by February application of paraquat  
b Followed by January application of clethodim 
Active ingredient(s) Trade name Corn yield (kg ha-1) 
S-metolachlora Dual II Magnum® $413.50 
S-metolachlor + atrazinea Cinch® ATZ $586.80 
S-metolachlor + atrazine + mesotrionea Lexar® EZ $313.46 
S-metolachlor + atrazine + mesotrione + bicyclopyronea Acuron® $374.70 
pyroxasulfonea Zidua® SC $523.14 
pyroxasulfone + fluthiaceta Anthem® Maxx $373.58 
pyroxasulfone + fluthiacet + atrazinea Anthem® ATZ $422.84 
S-metolachlor + metribuzina Boundary® 6.5 EC $443.62 
flufenacet + metribuzina Axiom® DF $343.56 
oxyfluorfena  Goal® 2XL $387.82 
S-metolachlorab Dual II Magnum® $346.44 
S-metolachlor + atrazineab Cinch® ATZ $489.94 
S-metolachlor + atrazine + mesotrioneab Lexar® EZ $483.00 
S-metolachlor + atrazine + mesotrione + bicyclopyroneab Acuron® $469.08 
pyroxasulfoneab Zidua® SC $495.14 
pyroxasulfone + fluthiacetab Anthem® Maxx $419.80 
pyroxasulfone + fluthiacet + atrazineab Anthem® ATZ $414.18 
S-metolachlor + metribuzinab Boundary® 6.5 EC $488.84 
flufenacet + metribuzinab Axiom® DF $438.34 
oxyfluorfenab Goal® 2XL $448.60 
clethodima  Select Max® $265.60 




Most fall-applied residual herbicides provided ≥ 90% Italian ryegrass control 56 DAT. 
Italian ryegrass control was lower in containers than in the field. Goal® 2XL provided the highest 
control in the field 7 and 14 DAT, but the lowest control 56 DAT for site-year 2. Italian ryegrass 
control in March of 2019 was ≥ 99% when a fall-applied herbicide was fb clethodim fb paraquat. 
Cinch® ATZ fb paraquat produced the highest ROI for both site-years. Fall-applied residual 
herbicides can be used to manage glyphosate-resistant Italian ryegrass because they allow 





ITALIAN RYEGRASS TIMING OF REMOVAL EFFECTS ON CORN IN MISSISSIPPI 
Abstract 
A study was conducted to understand the effects of Italian ryegrass removal timing on 
corn production in Mississippi. Italian ryegrass was removed at different dates relative to corn 
planting in the winter and spring of 2018 and 2019. Between the earliest removal timing in 2018, 
which was made 90 days before planting (DBP), and the application made at planting (AP), a 
yield loss of 3,040 kg ha-1 was observed (34 kg ha-1 daily loss). A yield loss of 2,454 kg ha-1 
occurred between the 22 DBP timing and the AP application (112 kg ha-1 daily loss). In 2019, a 
3,122 kg ha-1 yield loss occurred between the earliest removal timing (70 DBP) and the AP 
timing (45 kg ha-1 daily loss). Between the 29 DBP application and the AP treatment, a yield loss 
of 2,279 kg ha-1 was observed (79 kg ha-1 daily loss). Data from this study suggest that the 
optimum time to remove Italian ryegrass is approximately 3 to 4 weeks prior to corn planting. 
Yields began declining when Italian ryegrass was controlled later than this period. It is 
anticipated that these results will allow Mississippi growers to maximize profitability by 






Italian ryegrass is an annual to biennial bunchgrass that thrives in well-drained loam 
soils. Its dense root system and ability to improve water infiltration make it desirable as a cover 
crop and as a pasture and meadow grass (Clark, 2012). The use of Italian ryegrass in pastures 
and meadows has allowed the species to spread into crop production fields (Peeper et al., 2000; 
Trusler et al., 2007). When a crop is planted in the spring and Italian ryegrass has not yet been 
controlled at the time of planting, the crop will struggle to compete against the established Italian 
ryegrass (Nandula, 2014).  
Italian ryegrass is highly competitive with corn (Zea mays L.) because it grows rapidly 
during the period corn emergence and early development (Larson and Bond, 2014). When 
Nandula (2014) transplanted Italian ryegrass into corn at a rate of four plants m-1 corn row, he 
observed a 6,219 kg ha-1 yield decrease compared to corn that did not contain Italian ryegrass. 
Italian ryegrass is also competitive with winter wheat (Triticum aestivum L.). Wheat yield was 
reduced 7 to 50% with Italian ryegrass densities of 29 to 118 plants/m2 (Appleby et al., 1976; 
Hoskins et al., 2005).  
A key component for weed control in any crop is the “critical period.” The critical period 
is a time in the crop growth cycle during which weeds must be controlled to prevent yield losses 
(Knezevic et al., 2002). Halford et al. (2001) observed a critical period in corn of about 16 to 43 
days after emergence (DAE) and a critical period of 13 to 44 DAE was observed in soybean 
(Glycine max (L.) Merr.) using a variety of economically important weeds. Critical periods are 
different, however, when dealing with winter annual weeds like Italian ryegrass. Italian ryegrass 
will already be fully established in the spring when crop planting arrives (Nandula, 2014). 
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 It has been conjectured that allelochemicals might play a role in the competitiveness of 
Italian ryegrass with corn; however, research has shown that the large seed size and deep 
planting depth of corn likely minimize the effects of allelochemicals on corn seedlings (Hartzler, 
2014). When Italian ryegrass is terminated shortly prior to corn planting, there is a high amount 
of dead plant matter that remains on the soil. Schenck et al. (2015) determined that residues left 
from a cereal rye (Secale cereal L.) cover crop delays soil warming and drying. Soil temperature 
is the primary factor that influences corn seed germination, and wet soils restrict root 
development and nutrient uptake (Larson, 2011). It is thought that cereal rye residue may also 
bind soil nitrogen and serve as a host for pathogens (Schenck et al., 2015, NRCS, 2016).  
The objective of this study was to determine the optimum time to control Italian ryegrass in 





Materials and Methods 
A field study was conducted from 2017-2018 (site-year 1) and from 2018-2019 (site-year 
2) to understand the effects of Italian ryegrass removal timing on Mississippi corn productivity. 
The study was conducted at the Black Belt Research Station (33.26º N, -88.54º W) in 
Brooksville, MS, from 2017-2018, and the Coastal Plain Branch Experiment Station (32.33º N, -
89.08º W) in Newton, MS, from 2018-2019. Due to wet fall conditions and other circumstances, 
it was not possible to conduct a second year of this study at Brooksville. The study consisted of 
12 and 9 treatments for site-years 1 and 2, respectively. Plots measured 3 by 9 m for site-year 1 
and 3 by 15 m for site-year 2. A randomized complete block design with four replications was 
used for both site-years. Soil from site-year 1 was a Brooksville silty clay (3% organic matter, 
pH of 6.1) and site-year 2 consisted of a of a Prentiss very fine sandy loam (1.75% organic 
matter, pH of 7.0). 
Oregon Grown Italian ryegrass, Gulf variety (Oregon Ryegrass Commission, Salem, 
OR), was over-seeded at 112 kg ha-1 on November 8, 2017, for site-year 1 and drilled at the same 
rate on October 19, 2018, for site-year 2. All herbicide applications in the study were made with 
a four-nozzle boom sprayer at a 4.83 km h-1 walking speed. Treatments were applied with a 
carrier volume of 140 L ha-1 and a pressure of 276 kPa. The Air Induction Extended Range 
(AIXR) 110015 (TeeJet® Technologies, Wheaton, IL) nozzle was used for all herbicide 
applications.  
Herbicides used in the study were S-metolachlor at 1.21 kg ai ha-1 plus atrazine at 0.57 kg 
ai ha-1 plus mesotrione at 0.14 kg ai ha -1 plus bicyclopyrone at 0.034 g ai ha-1 (Acuron®, 
Syngenta, Greensboro, NC). Paraquat (Gramoxone® SL 2.0, Syngenta) at 1.13 kg ai ha-1 plus a 
crop oil concentrate (Agri-Dex®, Helena Chemical Co., Memphis, TN) at 1% (v/v) was included 
 
47 
in the tank mixture. Paraquat was not included in the tank mixture for the applications that were 
made after corn planting. Herbicide applications were made on various dates relative to corn 
planting during the spring of 2018 and 2019. In 2018, herbicide applications were made on 
January 5 (90 days before planting (DBP)), January 26 (69 DBP), February 9 (56 DBP), 
February 20 (44 DBP), March 6 (30 DBP), March 14 (22 DBP), March 21 (15 DBP), March 28 
(8 DBP), April 3 (at planting), and May 7 (34 days after planting (DAP)). In 2019, herbicides 
were applied January 8 (70 DBP), January 24 (54 DBP), February 8 (39 DBP), February 18 (29 
DBP), March 12 (7 DBP), March 19 (at planting), and March 26 (7 DAP).   
‘DeKalb 70-27’ (Bayer Crop Science, St. Louis, MO)  seed corn was planted at 70,000 
seeds ha-1 on April 5, 2018 and March 19, 2019 for site-years 1 and 2, respectively. Corn plant 
heights were recorded May 16, 2019. Plant heights are displayed as a percentage of the weed-
free check. Corn was harvested by hand August 16, 2018, in site-year 1 (middle 3 m of center 
row) because machine harvest was not feasible. Plots were machine harvested August 15, 2019, 
for site-year 2 (12 m, 4 rows). Border rows were present for both site-years to minimize border 
effects. Grain yield was calculated using Agriculture Research Management (ARM) software 
(Gylling Data Management, Inc., Brookings, SD). All data were analyzed using PROC GLM in 
SAS 9.4 (Statistical Analysis Software, Cary, NC) using Fisher’s Least Significant Difference 
procedure with means separation of α=0.05. Plant heights and yield data from site-year 2 were 
also analyzed in PROC REG in SAS 9.4. Herbicide timings relative to corn planting are 






Table 3.1 Treatment numbers, herbicide application dates, and days relative to corn planting 





Treatment            Application Date                           Days Relative to Planting 
Site-year 2, Brooksville, MS 
1 Untreated check –– 
2 Weed free check –– 
3 Jan 5 90 before 
4 Jan 26 69 before 
5 Feb 8 56 before 
6 Feb 20 44 before 
7 Mar 6 30 before 
8 Mar 14 22 before 
9 Mar 21 15 before 
10 Mar 28 8 before 
11 Apr 3 At planting 
12 May 7 34 after 
Site-year 2, Newton, MS 
1 Untreated check –– 
2 Weed-free check –– 
3 Jan 8 70 before 
4 Jan 24 54 before 
5 Feb 8 39 before 
6 Feb 18 29 before 
7 Mar 12 7 before 
8 Mar 19 At planting 
9 Mar 26 7 after 
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Results and Discussion 
Site-year 1 
Corn plant heights and yields from site-year 1 are presented in Figures 3.1 and 3.2, 
respectively. The 90 day before planting (DBP) treatment resulted in the tallest plants and, aside 
from the weed-free check, the greatest yields. Plant heights were similar among all treatments 
except for the 34 day after treatment and the untreated check. The 34 day after planting (DAP) 
application produced lower plant heights than all other treatments, except for the 30 DBP and 22 
DBP treatments, and the untreated check.     
 In site-year 1, yield was lower following the 44 and 30 DBP applications than in the 
weed-free check. Yield rebounded at the 22 DBP application, and then declined as planting 
approached. Yield was lower following both the 8 DBP treatment and the application at planting 
than following the 22 DBP treatment. From 22 DBP to 8 DBP, a 2,152 kg ha-1 yield loss 
occurred (154 kg ha-1 loss per day), and from 22 DBP to planting, a 2,454 kg ha-1 yield loss was 
observed (112 kg ha-1). The 34 DAP treatment resulted in lower yields than all other sprayed 
treatments, and the untreated check yielded lower than all other treatments.         
The 22 DBP application seemed to be the optimum removal timing for site-year 1. When 
comparing removal timings, the length of residual control needed for earlier timings must be 
considered. When Italian ryegrass is sprayed 90 DBP, an additional herbicide application prior to 
planting might be necessary to control newly emerged ryegrass plants that “break” through the 
residual control.  
When Italian ryegrass control is delayed, not only does the weed become more difficult 
to kill, but it also results in a greater amount of plant residue left on the soil surface. As 
referenced in the introduction, Schenck (2015) states that this plant residue can affect soil 
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moisture and temperature, which are two crucial factors for corn seed germination. Italian 
ryegrass sprayed at an earlier date relative to planting results in a more complete kill and allows 
more time for plant residue to decay. 
 
 
Figure 3.1 Corn plant heights at Brooksville, MS as affected by Italian ryegrass removal 
timing presented as a percentage of the weed-free check6 
1Weed-free check 
2Days before planting 
3At planting 
4Days after planting 
5Untreated check 
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Figure 3.2 Corn yield at Brooksville, MS (kg ha-1) as affected by Italian ryegrass removal 
timing6 
1Weed-free check 
2Days before planting 
3At planting 
4Days after planting 
5Untreated check 
6Means followed by same letter are not different at P ≤ 0.05 
 
Site-year 2 
Levels of extractable nutrients from site-year 2 are presented in Table 3.2. Two soil 
samples were collected from each replicate of the weed-free and untreated check on May 22, 
2019. The levels of extractable nutrients were provided by the Mississippi State University Soil 
Testing Laboratory. The untreated check contained dense populations of Italian ryegrass on this 
date, while the weed-free check contained no Italian ryegrass. The data shows that plots with 
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with no Italian ryegrass. This is likely a contributing factor to the competitiveness of Italian 
ryegrass with corn.   
Table 3.2 Extractable levels of phosphorous, potassium, calcium, magnesium, and zinc from 
weed-free and untreated checks at Newton, MS 
 
Corn plant heights and a linear regression of plant heights from site-year 2 are presented 
in Figures 3.3 and 3.4, respectively. Plant heights continually decreased as Italian ryegrass 
control was delayed. The 70, 54, and 39 DBP applications resulted in similar plant heights. From 
39 DBP, heights began to decrease at a greater rate. The application at planting resulted in lower 
plant heights than all other treatments sprayed prior to planting, except for the 7 DBP treatment. 
The 7 DAP application produced lower plant heights than all other sprayed treatments, except for 
the application made at planting. The untreated check produced lower plant heights than any 
other treatment.  
Corn yields and a linear regression of yields from site-year 2 are presented in Figures 3.5 
and 3.6, respectively. Yield data followed a similar trend as plant heights. Yield was lower 
following the 54 and 39 DBP applications than in the weed-free check. Yield following the 
applications made 7 DBP, at planting, and 7 DAP was lower than yield following the application 
made 29 DBP. From 29 DBP to 7 DBP, a yield loss of 1,889 kg ha-1 was observed (86 kg ha-1 
loss per day), and from 29 DBP to the application at planting, a 2,279 kg ha-1 yield loss occurred 
              Extractable nutrient levels (kg ha-1) 
 Phosphorous Potassium Calcium Magnesium Zinc 
Weed-free check 89 285 2250 306 1.5 
Untreated check 56 196 2031 298 0.4 
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(79 kg ha-1 loss per day). From 29 DBP to 7 DAP, a 2,904 kg ha-1 yield loss was observed (81 kg 
ha-1 loss per day).   
The 29 DBP application could be considered the optimum removal timing from site-year 
2. Yield from the 29 DBP treatment was similar to all applications made earlier in the year, and 
yield after 29 DBP application drastically decreased as planting approached.  
 
Figure 3.3 Corn plant heights at Newton, MS as affected by Italian ryegrass removal timing 
presented as a percentage of the weed-free check6 
1Weed-free check 
2Days before planting 
3At planting 
4Days after planting 
5Untreated check 
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Figure 3.4 Linear regression of plant heights at Newton, MS as affected by Italian ryegrass 
removal timing presented as a percentage of the weed-free check 
1Weed-free check 
2Days before planting 
3At planting 
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Figure 3.5 Corn yield at Newton, MS (kg ha-1) as affected by Italian ryegrass removal timing6 
1Weed-free check 
2Days before planting 
3At planting 
4Days after planting 
5Untreated check 









































F 1 70B2 54B           39B           29B            7B             P3 7 4 UT 5




Figure 3.6 Linear regression of corn yields at Newton, MS as affected by Italian ryegrass 
removal timing presented as a percentage of the weed-free check 
1Weed-free check 
2Days before planting 
3At planting 
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The 22 DBP treatment was the optimum removal timing from site-year 1, while the 29 
DBP treatment was the optimum removal timing from site-year 2. A daily yield loss of 112 kg 
ha-1 occurred when Italian ryegrass control was delayed from 22 DBP to the application made at 
planting during site-year 1. A daily yield loss of 79 kg ha-1 occurred when Italian ryegrass was 
not controlled from 29 DBP to corn planting during site-year 2. Controlling Italian ryegrass 
















DROPLET SIZE EFFECTS ON ITALIAN RYEGRASS CONTROL IN MISSISSIPPI CORN 
PRODUCTION 
Abstract 
Spray droplet size can play a significant role in the success of a weed control program by 
affecting the coverage of a spray solution on the soil or on plant foliage. A study was conducted 
in the field and in containers from 2017-2018 to evaluate the effect of spray droplet size on 
Italian ryegrass control in Mississippi. The study consisted of various residual and foliar 
herbicide combinations applied with three different nozzles: TT, AIXR, and TTI. In field ratings 
taken 28 days after treatment (DAT), S-metolachlor applied with an AIXR provided greater 
Italian ryegrass control than pyroxasulfone sprayed with a TTI. In field ratings taken 56 DAT, all 
herbicide-nozzle combinations provided ≥ 93% Italian ryegrass control. Pyroxasulfone sprayed 
with the AIXR and the TTI provided greater Italian ryegrass control in containers 28 and 56 
DAT than S-metolachlor sprayed with the TT and the TTI. In containers 28 DAT, Italian 
ryegrass control was greater following S-metolachlor sprayed with an AIXR than S-metolachlor 
sprayed with a TTI. Italian ryegrass control in plots that only received paraquat were higher with 
the AIXR than the TTI. In plots that only received a February paraquat application, corn yield 





It is important to consider spray droplet size when designing a weed management 
program. Spray solutions with a Fine droplet size are typically used for improved spray retention 
and coverage on weed foliage (Lake, 1977; McWhorter and Hanks, 1993; Wolf et al., 2000). 
Spray coverage is especially important when applying contact herbicides. McKinlay et al. (1974) 
applied paraquat, a common contact herbicide, to sunflower (Helianthus annuus L. ‘Peredovik’) 
and found that smaller droplets (100 µm) were more phytotoxic than large droplets (350 µm).  
Droplet size may also affect a herbicide’s ability to penetrate a plant canopy (Spillman, 
1984). Smaller spray droplets are carried almost horizontally in the wind, which increases the 
chance of interception by stems or flapping leaves (Spillman, 1984). However, large droplets are 
less affected by wind and travel vertically thereby decreasing their chances of touching vertical 
surfaces (Spillman, 1984). It has been suggested that smaller droplets should be used for 
improved canopy penetration. However, Ferguson et al. (2016a) compared nine nozzle types in 
an oat (Avena sativa L.) canopy and found that the degree of canopy penetration was similar 
across all nozzles, though nozzles that produce sprays larger than Coarse reduced coverage and 
droplets per cm2 compared to nozzles that produced finer sprays. This suggests that canopy 
structure likely plays a significant role in the best spray quality for enhanced canopy penetration 
(Spillman, 1984; Wolf et al., 2000).  
Droplet size is also an important consideration on the risk of herbicide spray drift. The 
Environmental Protection Agency (EPA) defines herbicide spray drift as “the movement of 
herbicide dust or droplets through the air at the time of application, or soon after, to any site 
other than the area intended” (EPA, 2018). Herbicide spray drift is undesirable because it results 
in less herbicide sprayed on the targeted weeds and more herbicide in undesirable locations. 
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Extensive research has been conducted on herbicide spray drift, and larger droplets should be 
used in situations when drift might be an issue (Bode at al., 1976; Ramsdale and Messersmith, 
2001). Ferguson et al. (2016b) studied different droplet sizes in a wind tunnel and found that drift 
potential decreases as mean droplet diameter increases. Herbicide application centers on 
maximizing coverage while minimizing drift, and, therefore, applying a droplet size that 
accomplishes both of these goals is vital. 
The American Society of Agricultural and Biological Engineers (ASABE) developed the 
ASABE S572.2 standard to measure and interpret spray quality from nozzles (Table 4.1) 
(ASABE, 2009). Included in the table is data from Ferguson et al. (2018) to provide quantitative 
data for each of the classification categories. 
Table 4.1 ASABE S572.2 standard to measure and interpret spray quality from nozzles with 
DV0.5 values obtained from Ferguson et al. (2018) 
Classification Category Approximate Dv0.5 (µm) Color Code 
Extremely Fine <60 Purple 
Very Fine 61-118 Red 
Fine 119-234 Orange 
Medium 235-311 Yellow 
Coarse 312-414 Blue 
Very Coarse 415-504 Green 
Extremely Coarse 505-681 White 
Ultra-Coarse >681 Black 
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A set of reference nozzles are sprayed at specific spray angles, flow rates, and operating 
pressures, and a reference graph is developed based on droplet size measurements for the 
reference nozzles (ASABE, 2009). The categories can be separated by a spray’s Dv0.5, which is 
the diameter at which 50% of the total spray volume is comprised of droplets that are larger than 
the given diameter and 50% of the total spray volume contains droplets that are smaller than the 
given diameter (ASABE, 2009). The spray qualities, from smallest to largest droplets, are 
Extremely Fine, Very Fine, Fine, Medium, Coarse, Very Coarse, Extremely Coarse, and Ultra-
Coarse (ASABE, 2009).  
Ferguson et al. (2018) tested nozzles in a wind tunnel with various herbicides and 
adjuvants and classified the sprays using the ASABE standard. The study classified a TT 11002 
as Medium, an AIXR 11002 as Coarse, and a TTI 11002 as Extremely Coarse to Ultra-Coarse 
(Ferguson et al., 2018). Based on the nozzle manufacture’s catalog, when sprayed at 276 kPa, a 
TT 110015 should be classified as Medium, an AIXR 110015 as Coarse, and a TTI 110015 as 
Ultra-Coarse (TeeJet®, 2014). The classifications in the TeeJet® catalog are consistent with the 
findings of Ferguson et al. (2018).These classifications help producers choose spray nozzles that 







Materials and Methods 
Field Study 
A field study was conducted from 2017-2018 to determine the effects of spray droplet 
size on Italian ryegrass control in Mississippi corn production. The study was conducted at the 
Black Belt Research Station (33.26º N, -88.54º W) in Brooksville, MS. The soil type was 
Brooksville silty clay (3% organic matter, pH of 6.1). Corn was planted on raised beds with 97 
cm row spacing, and plots measured 3 by 9 m. The study was a factorial arrangement of 
treatments in a randomized complete block design with 19 treatments and 4 replications per 
treatment. Nozzles used in the study were the Turbo TeeJet 110015 (TT), the Air Induction 
Extended Range 110015 (AIXR), and the Turbo TeeJet Induction 110015 (TTI) (TeeJet® 
Technologies, Wheaton, IL). 
Oregon Grown Italian ryegrass, ‘Gulf’ variety (Oregon Wholesale Seed Company, 
Silverton, OR), was over-seeded at 112 kg ha-1 on November 8, 2017, and residual herbicides 
were applied November 10, 2017. All herbicide applications were made with a four-nozzle boom 
sprayer at a 4.83 km h-1 walking speed. Treatments were applied at 140 L ha-1 and 276 kPa. 
Clethodim (Select Max®, Valent, Walnut Creek, CA) at 0.10 kg ai ha-1 plus a nonionic surfactant 
(Activate PlusTM, WinField United, River Falls, WI) at 0.25% (v/v) was applied to selected plots 
on January 30, 2018. All plots were treated with paraquat (Gramoxone® SL 2.0, Syngenta, 
Greensboro, NC) at 1.13 kg ai ha-1 plus a crop oil concentrate (Agri-Dex®, Helena Chemical Co., 
Memphis, TN) at 1% (v/v) on February 20, 2018. Dyna-Gro (Dyna-Gro Seed, Geneseo, Illinois) 
58VC65 hybrid seed corn was planted at 70,000 seeds ha-1 April 5, 2018.  
Control ratings of Italian ryegrass were taken 7, 14, 28, and 56 days after herbicide 
applications. Ratings were visually estimated using control percentages of 0-100% to assess 
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weed control in each plot. The untreated check was used for comparison. A postemergence 
(POST) application of S-metolachlor plus atrazine plus mesotrione plus bicyclopyrone (Acuron®) 
at 1.95 kg ai ha-1 and glyphosate (Roundup Powermax® II, Bayer Crop Science) at 1.56 kg ai ha-1 
was applied on May 16, 2018. Corn was harvested by hand August 16, 2018 (middle 3 m of 
center row). Border rows were present to minimize border effects. Grain yield was calculated 
using Agriculture Research Management (ARM) software (Gylling Data Management, Inc., 
Brookings, SD).  All data were analyzed using and PROC GLM and PROC GLIMMIX in SAS 
9.4 (Statistical Analysis Software, Cary, NC) using Tukey’s Honestly Significant Difference 
(HSD) with means separation of α=0.05.  
Container study 
A container study was conducted at the R.R. Foil Plant Science Research Center (33.47º 
N, -88.78º W) in Starkville, MS to determine the effects of droplet size on Italian ryegrass 
control. Oregon Grown Italian ryegrass, ‘Gulf’ variety, was planted in 25.4 by 25.4 cm 
containers on November 1, 2017, using Sun Gro® Metro-Mix potting soil (Sun Gro® 
Horticulture, Agawam, MA). Residual herbicides were sprayed in the spray chamber on the same 
day as ryegrass planting. A Generation 4 Research Track Sprayer (DeVries Manufacturing, 
Hollandale, MN) was used. After the spray application, containers were moved outdoors. 
Clethodim was applied to selected trays on January 30, 2018, and paraquat was applied on 
February 23, 2017 at the same rates used in the field. Control ratings of Italian ryegrass were 
taken 7, 14, 28, and 56 days after herbicide applications. All weed control data were analyzed 
using PROC GLM and PROC GLIMMIX in SAS 9.4  using Tukey’s HSD with means 
separation of α=0.05. Treatments are displayed in Table 4.2. 
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Table 4.2 Treatment numbers, nozzles, herbicide active ingredients, timings, and rates for 




Treatment Nozzle Active ingredient Timing Rate 






1.61 kg ai ha-1 








0.18 kg ai ha-1 
2.27 kg ai ha-1 
6 AIXR 
7 TTI 






1.61 kg ai ha-1 
0.10 kg ai ha-1 
2.27 kg ai ha-1 
9 AIXR 
10 TTI 






0.18 kg ai ha-1 
0.10 kg ai ha-1 











0.10 kg ai ha-1 





Results and Discussion 
Italian ryegrass control  
Italian ryegrass control ratings 28 and 56 DAT from the field and containers are 
presented in Table 4.3. S-metolachlor sprayed with an AIXR provided greater Italian ryegrass 
control than pyroxasulfone with a TTI. All residual herbicide-nozzle combinations controlled 
Italian ryegrass ≥ 93% 56 DAT in the field.  
S-metolachlor sprayed with a TTI nozzle provided less Italian ryegrass control than all 
other treatments in containers 28 and 56 DAT, except for S-metolachlor sprayed with a TT 
nozzle. Pyroxasulfone sprayed with the AIXR and pyroxasulfone sprayed with the TTI provided 
greater Italian ryegrass control in containers 28 and 56 DAT than S-metolachlor sprayed with the 
TT and the S-metolachlor sprayed with TTI. Pyroxasulfone sprayed with the TT also provided 
greater Italian ryegrass control than S-metolachlor sprayed with the TTI, 28 and 56 DAT. 
Table 4.3 Italian ryegrass control 28 and 56 DAT from site-year 1 in field plots and 
containersa 
a Means followed by same letter within each rating timing and location are not different at P ≤ 
0.05 
 
                        Field                 Containers 
Herbicide Nozzle 28 DAT 56 DAT 28 DAT 56 DAT 
S-metolachlor TT 87 ab 97 a 88 bc 89 bc 
S-metolachlor AIXR 89 a 98 a 92 ab 92 ab 
S-metolachlor TTI 87 ab 96 a 81 c 83 c 
pyroxasulfone TT 84 ab 96 a 96 ab 97 ab 
pyroxasulfone AIXR 83 ab 97 a 98 a 99 a 
pyroxasulfone TTI 79 b 93 a 98 a 99 a 
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Ferreira et al. (2019) compared the spray coverage of four different nozzles and found 
that the TTI produced the least amount of spray coverage. His findings can be used to explain 
some of the low weed control ratings from the TTI in particular cases of this study. A decrease in 
spray coverage on the soil surface can result in less herbicide available for plant uptake, which 
can negatively affect weed control.   
Properties of S-metolachlor and pyroxasulfone are presented in Table 4.4. The lower 
amount of control for S-metolachlor 56 DAT in containers could be attributed to these properties. 
S-metolachlor has a higher sorption coefficient (Kd) and water solubility than pyroxasulfone. A 
higher Kd value means that a herbicide is more tightly bound to soil clay and organic matter, and 
Hartzler (2014) states that Kd determines a herbicide’s mobility in soil more than does water 
solubility. The high organic matter content of the potting soil used in the spray chamber might 
have tied up and degraded a greater amount of S-metolachlor than pyroxasulfone, which would 
have resulted in reduced weed control from S-metolachlor. Pyroxasulfone was likely not bound 
as tightly to the organic matter in the soil, which would have made it more available to be taken 
up by seeds and shoots. 
Table 4.4 Sorption coefficients and water solubility of S-metolachlor and pyroxasulfone1 
               1 Westra et al. 2014, Hartzler 2013 
 
  
 S-metolachlor pyroxasulfone 
Kd 4.01 1.72 
Water solubility 530 mg L-1 3 mg L-1 
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Italian ryegrass control from fall-applied residual herbicides as affected by nozzle 
selection is presented in Table 4.5. In the container study, Italian ryegrass control was greater 
when S-metolachlor was sprayed with an AIXR than with a TTI, 28 DAT. Data from the field 
are consistent with Ferreira et al. (2019) in which preemergence herbicides were not affected by 
nozzle selection. Although coverage from the TTI might have been lower than the other nozzles, 
it was still high enough to provide similar Italian ryegrass control as the TT and AIXR in the 
field.  
Table 4.5 Italian ryegrass control from S-metolachlor and pyroxasulfone as affected by 
nozzle in field plots and containersa 
a Means followed by same letter within each rating timing and location are not different at P ≤ 
0.05 
 
Italian ryegrass control from paraquat in the field is presented in Table 4.6. Means 
presented are from plots that only received a February paraquat application. Italian ryegrass 
control from paraquat was higher in plots sprayed with the AIXR nozzle than in plots sprayed 
with the TTI nozzle.  
                                       Field                                              Containers 
                                    S-metolachlor 
Nozzle 28 DAT 56 DAT 28 DAT 56 DAT 
AIXR 89 a 98 a 92 a 92 a 
TT 87 a 95 a  88 ab 89 a 
TTI 87 a 95 a 81 b 83 a 
                                                 pyroxasulfone 
AIXR 83 a               95 a        98 a            99 a 
TT 84 a                98 a                    96 a            99 a  
TTI 79 a                93 a                    98 a            97 a  
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These data are consistent with findings from Ferguson et al. (2018), in which nozzles that 
resulted in a DV0.5 over 400 µm reduced visual estimations of injury from contact herbicides of 
four winter annual grasses. These data are also consistent with research McKinlay et al. (1974) 
conducted, in which paraquat was found to be more phytotoxic to sunflowers (Helianthus 
annuus L. ‘Peredovik’) when sprayed with smaller droplets (100 µm) than when sprayed with 
larger droplets (350 µm). 
Table 4.6 Italian ryegrass control from paraquat at Newton, MSa  
Nozzle Italian ryegrass controlb 
AIXR 80 a 
TT 76 ab 
TTI 63 b 
a Means are from plots that received only a February paraquat application 
b Means followed by same letter are not different at P ≤ 0.05 
Corn yield 
Corn yields from individual treatments are presented in Table 4.7. In plots that only 
received a February paraquat application, the AIXR nozzle yielded higher than the TTI nozzle. 
Yield following the treatment of S-metolachlor fb paraquat fb clethodim sprayed with the TTI 
was lower than the treatments of S-metolachlor fb paraquat with the TT, S-metolachlor fb 
paraquat with the AIXR, pyroxasulfone fb paraquat with the TT, pyroxasulfone fb paraquat with 
the TTI, pyroxasulfone fb clethodim fb paraquat with the AIXR, and clethodim fb paraquat with 
the TT. Yield following the treatment of paraquat alone sprayed with the TTI was lower than all 










































 a Means followed  by same letter are not different at P ≤ 0.05 
 b Followed by February application of paraquat 
 c Followed by January application of clethodim   
 
  
Herbicide Nozzle Yield (kg ha-1) 
S-metolachlorb TT 11,069 a 
S-metolachlorb AIXR 11,167 a 
S-metolachlorb TTI 9,827 abc 
pyroxasulfoneb TT 11,925 a 
pyroxasulfoneb AIXR 10,110 ab 
pyroxasulfoneb TTI 11,122 a 
S-metolachlorbc TT 9,152 abc 
S-metolachlorbc AIXR 9,795 abc 
S-metolachlorbc TTI 7,023 bc 
pyroxasulfonebc TT 10,173 ab 
pyroxasulfonebc AIXR 11,058 a 
pyroxasulfonebc TTI 8,670 abc 
clethodim fb paraquat TT 10,618 a 
clethodim fb paraquat AIXR 10,174 ab 
clethodim fb paraquat TTI 8,906 abc 
paraquat TT 6,793 cd 
paraquat AIXR 8,697 abc 




All nozzles provided ≥ 93% Italian ryegrass control 56 DAT in the field. In containers 28 
DAT, Italian ryegrass control when S-metolachlor was sprayed with the TTI was lower than 
when S-metolachlor was sprayed with the AIXR. Italian ryegrass control when paraquat was 
sprayed with the AIXR was greater than when paraquat was sprayed with the TTI. Yield 
following the treatment of paraquat alone sprayed with the TTI was lower than all other 
treatments except for the treatment of paraquat alone sprayed with the TT. Any of the three 
nozzles from this study can be used to control Italian ryegrass preemergence with either S-
metolachlor or pyroxasulfone. The AIXR nozzle would be recommended to spray paraquat on 
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